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Realizing an NbN superconducting nanowire single-photon detector (SNSPD) with a 100% intrinsic detection
efficiency (IDE) at the near-infrared wavelengths is still challenging. Herein, we developed a post-processing
method to increase the IDE of NbN SNSPDs to near unity using a 20 keV helium ion irradiation. The
IDE enhancement was achieved owing to the ion-induced reduction of the superconducting energy gap and
the electron density of states at the Fermi level, determined with the electrical and magnetic transport
measurements. The change in optical absorptance of the irradiated SNSPD was negligible as confirmed by
the measured optical reflectance and system detection efficiency (SDE). Benefited with the IDE enhancement,
the SDE of an irradiated device was significantly increased from 49% to 92% at 2.2 K for a 1550 nm wavelength.
Controllable modification of the physical properties of
thin films is crucial for their application in different de-
vices. Ion irradiation, which creates defects with well-
controlled density and topology is one of the powerful
tools for tuning the properties of semiconductors1,2 and
superconductors3–5. Studies on the ion irradiation effects
have attracted great interest from both science and ap-
plication, especially for superconductors. Because they
can be used as a phase-sensitive method to both under-
stand the superconductivity6 and tune the performance
of superconducting devices7. The ion irradiation effects
depend on the mass and energy of the irradiating ions as
well as the type of superconductors3–5,8. Previously, the
He ion irradiation on NbN films which induced increasing
of vacancies in both the Nb and N sublattices and then
reduced the electron density of states ( N 0) at the Fermi
level has been reported3.
Superconducting nanowire single-photon detectors
(SNSPDs), which have demonstrated unparalleled per-
formance in near-infrared photon detection with high sys-
tem detection efficiency (SDE, >90%)9,10, low dark count
rate (DCR, <1 Hz)11, and high temporal resolution (<15
ps)12, are successfully employed in quantum information
processing13,14, and high-speed optical communication15.
To date, SNSPDs are often fabricated from 5–8 nm thick
NbN films, forming 50–100 nm wide nanowires. The NbN
SNSPD operates at a temperature range of 2–4 K with
a commercial Gifford-McMahon (GM) cryocooler10,16.
However, achieving a saturated intrinsic detection effi-
ciency (IDE) for the near-infrared photons with an NbN
SNSPD is difficult because of its relatively high criti-
cal temperature (T c) or superconducting energy gap (∆)
with respect to those of low gap materials18–21. Attempts
to tune the performance of superconducting devices by
varying their chemical components have been made by
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several groups22. However, there are few reports on the
post-processing that could directly control and compare
the performance of SNSPDs.
The IDE indicates the probability of a pulse generation
in the nanowire when a photon is absorbed. The detec-
tion mechanism of SNSPD relies on the conversion of the
energy of the absorbed photon into elementary excita-
tions in the superconducting nanowire. Depending on
the applied bias current (I b) compared to the depairing
critical current I cd, the minimum energy Emin (or max-
imum wavelength) detectable can be determined using
the modified hotspot model23:
Emin = hv =
hc
λ
≥ N0∆
2wd
ζ
√
piDτth
(
1− Ib
Icd
)
,
(1)
where c is the speed of light, λ is the photon wavelength,
wd is the cross-sectional area of the nanowire, D is the
electronic diffusion coefficient, and τ th is the time scale of
the quasi-particle multiplication process. From Eq. (1),
the IDE of SNSPDs can be improved by fabricating de-
vices with thin and narrow nanowires24, or with low ∆
or low N 0 materials
9,18–20. However, both the thickness
and the width of the superconducting nanowire influ-
ence ∆ and optical absorptance as well10,16. As a re-
sult, optimizing such parameters simultaneously is tech-
nically challenging. Developing a method to tune the
properties of SNSPDs without changing the geometric
parameters and the optical absorptance of the nanowire
would greatly contribute to the design and fabrication of
SNSPDs.
Here, we report a novel method to tune the physical
properties of superconducting NbN ultrathin films and
SNSPDs using He ion irradiation. We first studied the
modification of polycrystalline NbN films by different He
ion fluences (F i) ranging from 1 × 1014 to 5 × 1016
ion cm−2 at an ion energy of 20 keV. Both ∆ and N0
were decreased by the ion irradiation, and the optical
absorptance of the irradiated film remained essentially
unchanged. Then, the SNSPDs were He ion-irradiated,
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2and their IDE was significantly improved. With this tech-
nology, the SDE of an SNSPD was increased from 49%
to 92% at 2.2 K, and over 90% at 2.5 K, for the 1550 nm.
The polycrystalline NbN film was deposited on a dis-
tributed Bragg reflector (DBR) substrate by direct cur-
rent reactive magnetron sputtering in a mixed Ar and
N2 atmosphere at room temperature, with thickness con-
trolled by the deposition time and verified by transmis-
sion electron microscopy (TEM). The DBR made of fif-
teen SiO2/Ta2O5 bi-layers was used for increasing the op-
tical absorptance of the nanowires to near unity10. For
the electrical and magnetic transport measurements, a
four-terminal micro-bridge (40 µm long, 60 µm wide)
was patterned using ultraviolet lithography and etched
by reactive ion etching (RIE). To measure the optical re-
flectance (r) as a function of wavelengths, a spectropho-
tometer with a scanning step of 1 nm and a relative un-
certainty below 0.2% was used.
Three SNSPDs (named d1, d2, and d3) with typical
meander geometry were fabricated from NbN thin films
on DBR substrates by electron beam lithography and
RIE10. These devices were all fabricated in the same run.
To guarantee a reliable optical coupling, their active area
was designed to be 18 × 18 µm2. In this study, a low-
energy He ion irradiation with an ion energy of 20 keV
and a substrate temperature of about 293 K was used.
The choice of He ions is to prevent the chemical reac-
tions and the ion etching effect. The irradiation fluence
ranged between 1 × 1014 and 5 × 1016 ion cm−2. Fig-
ure 1(a) shows a schematic layout of the ion irradiation
process (top panel) and the distributions of He ions and
irradiation induced vacancies for a 9 nm thick NbN film
deposited on the DBR substrate (bottom panel). The He
ion and vacancy profile were simulated by Monte Carlo
simulation with the computer code of the stopping and
range of ions in matter (SRIM)25. The simulation indi-
cated that the project range of He ions was located at
the underlying SiO2/Ta2O5 interface, and the top NbN
layer was modified by vacancies rather than He ions.
To characterize the optical–electrical properties of the
SNSPD, the device was first packaged with a lens single-
mode fiber and then cooled with a 2.2 K GM cryostat,
as reported previously10. The input photon flux emit-
ted from a 1550 nm fs laser was attenuated with a serial
tunable attenuator to a level of about 1 × 106 photon
s−1, calibrated with a high precise optical power meter.
The SDE at 1550 measured in this study, with a relative
uncertainty of about 3%10, was referred to the photons
polarized parallel to the nanowire. The electrical and
magnetic transport measurements were performed using
a Quantum Design PPMS-9 with a temperature stabil-
ity of ±3 mK and a magnetic field perpendicular to the
DBR substrate. The resistivity (ρ) of the samples was
recorded as a function of the rising temperature. T c was
determined from the temperature at which ρ(T ) drops
to 50% of its normal state value at 20 K (ρ20K).
First, we studied the He ion irradiation effects on the
NbN film deposited on a DBR substrate. The left axis
FIG. 1. (a) Top: Schematic of the He ion irradiation of the
NbN thin film on a DBR substrate. Bottom: Simulated va-
cancy and ion distributions as a function of depth with SRIM
method, embedded with a TEM photo of a 9 nm thick NbN
film on DBR substrate. (b) Left axis: F i dependence of T c of
NbN films with different thicknesses. The solid scatters and
the dashed lines represent the experimental data and the log-
arithmic fittings, respectively. Right axis: F i dependence of
the resistivity (ρ20K , open circles) of the 7 nm thick NbN film.
(c) Temperature dependence of Bc2 for the 7 nm thick NbN
film at different F is. Experimental data and fitting results
are indicated by solid scatters and dashed lines, respectively.
(d) Wavelength dependence of the reflectance (r) for the 7 nm
thick NbN film on the DBR substrate at different F is. Inset:
F i dependence of rmin and its positions (solid squares) .
of the graph in Fig. 1(b) shows the T c observed for NbN
films with different thicknesses (5, 7, 9, and 11 nm) as
a function of F i in a linear scale. The right axis of the
same graph shows the F i dependence of ρ only for the
7 nm thick NbN sample. By decreasing the thickness of
the NbN film, T c decreases from 9.58 K (at 11 nm) to
5.47 K (at 5 nm). Both T c and ρ vary monotonically
with F i. Taking the 7 nm thick film as an example, at
the highest F i of 5 × 1016 ion cm−2, the ratio of T c
and ρ compared to their initial values are about 0.82 and
1.90, respectively. The experimental data for the T c can
be fitted with T c = a1log(F i) + b1, where a1 and b1
are free parameters. The coefficients of determination,
denoted as adjusted R2 in the fittings are all in a range
of 0.94−1.0, indicating a good fitting, except for the 5 nm
thick sample (∼0.76), which could be due to the relatively
low uniformity of thinner films.
To calculate physical parameters such as the N 0, D,
and Ginzburg–Landau (GL) coherence length (ξGL), the
upper critical field (Bc2) of the NbN thin film was
recorded as a function of T by electrical and mag-
netic transport measurements, as shown in Fig. 1(c) for
the 7 nm thick films. The dashed lines are the lin-
3TABLE I. Physical parameters of the 7 nm NbN thin film on a DBR substrate and the SNSPD d3 at different F is.
F i
(cm−2)
ρ300K
(µΩ·cm)
ρ20K
(µΩ·cm) RRR
Tc(0)
(K)
∆Tc(0)
(K)
ξGL(0)
(nm)
D
(cm2 s−1)
∆(0)
(meV)
N0
(nm−3 eV−1)
7 nm
NbN film
0 462 587 0.787 7.28 1.55 5.1 0.44 1.11 24.4
1×1015 468 597 0.784 7.09 1.55 5.2 0.45 1.08 23.4
1×1016 471 606 0.777 6.67 1.50 5.6 0.47 1.01 21.7
2×1016 497 647 0.768 6.54 1.52 5.7 0.49 0.99 19.7
5×1016 539 725 0.743 6.11 1.53 6.0 0.50 0.93 17.1
8 nm NbN
SNSPD d3
0 297 360 0.825 8.64 1.53 4.2 0.35 1.31 50.2
1×1016 382 482 0.793 7.16 1.53 4.8 0.37 1.09 34.8
ear fits to the measured data, and the physical parame-
ters were deduced from the dirty limit relation26, where
Bc2 (0) = 0.69Tc
dBc2
dT |T = Tc , ξGL =
√
Φ0
2piBc2(0)
, N0 =
Bc2(0)
(
0.69Tc
4ekB
pi ρn
)−1
, and D = 4kBpie
(
dBc2
dT |T = Tc
)−1
,
respectively. In the formulas, e is the electron charge, kB
is the Boltzmann constant, and Φ0 is the flux quantum.
The energy gap ∆(0) can be calculated using the BCS re-
lation ∆(0) = 1.76kBT c
20 and decreases with increasing
F i. The above results are listed in Table I. The influence
of the irradiation fluence on the physical parameters of
the NbN thin film is notable. For example, as F i in-
creased to 5 × 1016 ion cm−2, ∆(0) and N 0 decreased
by 16% and 30%, respectively, and D increased by 14%.
According to Eq. (1), assuming τ th was unchanged in the
ion irradiation process, Emin was reduced to about 52%
of its initial value, which indicated that the IDE of the
irradiated film could be enhanced.
As shown in Table I, the superconducting transition
width (∆T c, determined by the temperature width where
ρ drops from 90% to 10% of ρ20K) was in the range from
1.50 to 1.55 K with a small variation of about 0.05 K, in-
dicating that ion irradiation does not cause such damage
to the ultrathin film sufficient to impair its uniformity.
Therefore, the use of ion irradiation could be an impor-
tant method for the tuning of the physical properties of
thin films. The listed residual resistivity ratio (RRR =
ρ300K
ρ20K
) decreases monotonically with F i because of the
increasing disorders. Such reduction was also observed
for NbN films with a reduced thickness27. However, the
etching effect in our experiment is negligible, which has
been confirmed by the TEM measurements.
Characterizing the optical properties of the irradiated
thin films is important because of their applicability for
SNSPDs. Figure 1(d) shows the measured r as a function
of wavelength (λ) for the 7 nm NbN film at various F is.
The variation of r caused by different fluences at the
target λ (1550 nm) is less than 1%. As shown in the
inset of Fig. 1(d), the r(λ) curves have a slight red-shift
from 1567 nm (at F i = 0) to 1589 nm (at F i = 5 ×
1016 ion cm−2), taking the position of the minimum r
(rmin) as reference. Meanwhile, rmin varied from 0%
to 0.3%. Owing to the broadband (∼200 nm) and the
TABLE II. Comparison of the SNSPD parameters before and
after 20 keV He ion irradiation, where d, w and p denote the
thickness, width and pitch of the nanowre, respectively.
Device d1 Device d2 Device d3
d (nm) 7.5 8 8
w/p (nm) 80/160 80/140 80/140
F i (cm
−2) 0 1×1015 0 5×1015 0 1×1016
T c (K) 8.3 8.1 8.6 7.5 8.6 7.2
ρ20K(µΩ · cm) 394 435 377 463 360 482
I sw (µA) 16.8 16.7 19.4 12.9 18.9 9.3
SDEmax(%) 84 88 49 92 57 81
low reflectance features of the design, the irradiation has
a negligible effect on the optical properties of NbN thin
films for SNSPD applications.
Next, the irradiation effects on SNSPDs were inves-
tigated for three devices d1, d2, and d3 with a 20 keV
He ion irradiation at F i of 1×1015, 5×1015, and 1×1016
ion cm−2, respectively. The detailed information of the
SNSPDs used in the experiment is shown in Table II. The
parameters of SNSPDs measured both before and after
irradiation are also listed, such as T c, switching current
(I sw), and SDE. The irradiation degraded T c and I sw,
while ∆T c remained nearly unchanged, consistent with
the results for the NbN films. Figure 2(a) shows a scan-
ning electron microscope (SEM) image of the nanowire.
Figure 2(b) shows the SDE as a function of I b for
SNSPD before and after irradiation. The maximum SDE
(SDEmax) significantly increased for the irradiated de-
vices. A weak saturated plateau emerges for the SNSPDs
irradiated at F i of 5 × 1015 and 1 × 1016 ion cm−2, in-
dicating the enhancement of their IDEs. An empirical
sigmoid function fitting16,28 was applied to the exper-
imental data. The asymptotic values (SDEasy) of the
fittings imply the hypothetical maximum SDEs for IDEs
of 100%. The SDE of SNSPD can be expressed as SDE
= IDE·α·OCE9, where OCE is the optical coupling ef-
ficiency. In the asymptotic situation, assuming IDE as
unity and the change in α induced by irradiation as neg-
ligible, SDE mainly depends on OCE. For example, the
SDEasy values for device d3 before and after irradiation
are nearly the same, indicating that OCE also does not
4significantly change, which suggests a good optical cou-
pling. However, owing to the limitation by the accuracy
of the optical coupling, there is still a slight difference
(<5%) in the SDEasy values for two subsequent mea-
surements for device d1 and d2. Nevertheless, the results
indicate that there is no significant change in α of the
nanowire after the irradiation. Thus, the enhancement of
SDE is mainly due to the improvement of IDE. Since the
IDE is influenced by thickness, width, and constriction in
the nanowire, directly comparing the IDE of two differ-
ent devices is difficult. Moreover, the maximum SDE of
about 81% for device d3 was limited by the contamina-
tion on its surface, as found using an optical microscope.
Interestingly, the SDE of device d2 at an F i of 5 × 1015
ion cm−2 was significantly enhanced from 49% to 92% at
2.2 K. Its SDE is shown in Fig. 2(c) as a function of I b at
various temperatures. With increasing temperature, the
saturated platform gradually degrades. Even so, an SDE
of 90.4% was obtained at 2.5 K. Compared to previous
results achieved at 2.1 K10, the operating temperature
has been further improved. Even at 3 K, the SDE still
exceeds 80%, making the device attractive for a compact
refrigerator compatible with space applications29.
Figure 2(d) shows the temperature dependence of Bc2
for the devices irradiated at F i = 0 and 1 × 1016 ion
cm−2. The Bc2 of the nanowire is larger than that of
the NbN films shown in Fig. 1(c) because of the edge
barrier effect30. The physical parameters of device d3
were calculated from the experimental data,as shown in
Table I(lower panel). As expected, ∆ and N 0 of the ir-
radiated samples decreased, and D remained nearly un-
changed, compared with the original values. N 0 is larger
in the nanowire than in the thin film because a thicker
layer was used for SNSPD. The estimated Emin for the
nanowire irradiated at F i = 1 × 1016 ion cm−2 was re-
duced to nearly 50% of its initial value, calculated from
Eq. (1), which explains the enhancement of the IDE.
The reduction in ∆ as well as N 0 and increasing in
ρn were observed in our experiments with He ion irra-
diations. The mechanism could be explained with the
displacement of atoms1, which generated vacancies in
the NbN thin film then influenced its specific charge
transport3. Furthermore, the ultrathin polycrystalline
NbN films in this paper demonstrated a stronger re-
duction (up to 23% for 5 nm) in T c than that thicker
polycrystalline films3(6%–7%, 45–135 nm thick) irradi-
ated with 200 keV Ar ions. This phenomenon indicates
that thinner films are more easily influenced by irradia-
tion. As regards the devices, a direct method to evaluate
the influence of He ion irradiation on SNSPDs was in-
troduced. The IDE enhancement on irradiated SNSPDs
was achieved owing to the ion-induced reduction of ∆
and N 0. The irradiation did not degrade ∆T c of the de-
vices, enabled us to continuously tune the performance
of the fabricated devices. This method has a double ad-
vantage. On one hand, it is a post-processing technology,
compatible with the micro-electronics industry. On the
other hand, it can relax the fabrication precision on the
FIG. 2. (a) SEM image of 80 nm wide and 160 nm pitch
nanowires. (b) SDE as a function of Ib for the SNSPDs before
(open scatters) and after (solid scatters) He ion irradiation.
The dashed and dotted lines are the sigmoid function fittings
for the data before and after irradiations, respectively. (c)
SDE (solid scatters) and DCR (open scatters) of device d2
as a function of Ib at different temperatures and a fixed F i
= 5 × 1015 ion cm−2. The green dashed line is the sigmoid
function fitting. (d) Temperature dependence of Bc2 for the
device d3 at F i = 0 (squares) and F i = 1 × 1016 ion cm−2
(dots). The dashed lines are the linear fittings.
film thickness as well as the width of the nanowire and
also extend the spectral responsivity of the device to mid-
or even far-infrared range by reducing ∆, similar to what
WSi devices did31. In the future, there are a few inter-
esting works to explore. Such as, investigations on the
yield improvement using either pre-irradiated NbN/DBR
wafers or post-irradiated SNSPDs would be interested for
the applications requiring large amount of SNSPDs32.
In conclusion, we reported a flexible method to tune
the physical properties of superconducting polycrys-
talline NbN ultrathin films and SNSPDs using He ion
irradiation. The irradiation induced vacancies in NbN
films led to a monotonic decrease in superconducting en-
ergy gap and the electron density of states at the Fermi
level as He ion fluence increased. The influence on the
optical absorptance of the irradiated NbN film can be ne-
glected when fabricating SNSPDs. Using He irradiation
directly on the SNSPDs, IDE and SDE were significantly
improved. The SDE of an irradiated device at a He flu-
ence of 5 × 1015 ion cm−2 was significantly enhanced
from 49% to 92% at 2.2 K, and over 90% at 2.5 K, for
a telecom wavelength of 1550 nm. The He ion irradi-
ation is a promising tool for enhancement of SNSPD’s
properties, such as relaxing the process requirements for
film thickness and linewidth control, IDE enhancement
for longer wavelength, and yield improvement. Ion irra-
diation may also be applied in the fabrication of other
superconducting devices.
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